Measurement of forward-backward multiplicity correlations in lead-lead, proton-lead and proton-proton collisions with the ATLAS detector by 
 
 
University of Birmingham
Measurement of forward-backward multiplicity
correlations in lead-lead, proton-lead and proton-
proton collisions with the ATLAS detector
ATLAS Collaboration
Citation for published version (Harvard):
ATLAS Collaboration 2016, 'Measurement of forward-backward multiplicity correlations in lead-lead, proton-lead
and proton-proton collisions with the ATLAS detector', Physical Review D.
Link to publication on Research at Birmingham portal
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
Submitted to: Phys. Rev. C CERN-PH-2016-124
June 28, 2016
Measurement of forward-backward multiplicity correlations in
lead-lead, proton-lead and proton-proton collisions with the
ATLAS detector
The ATLAS Collaboration
Abstract
Two-particle pseudorapidity correlations are measured in
√
sNN = 2.76 TeV Pb+Pb,√
sNN = 5.02 TeV p+Pb, and
√
s = 13 TeV pp collisions at the LHC, with total integrated
luminosities of approximately 7 µb−1, 28 nb−1, and 65 nb−1, respectively. The correlation
function CN(η1, η2) is measured as a function of event multiplicity using charged particles
in the pseudorapidity range |η| < 2.4. The correlation function contains a significant short-
range component, which is estimated and subtracted. After removal of the short-range com-
ponent, the shape of the correlation function is described approximately by 1 + 〈a21〉η1η2 in
all collision systems over the full multiplicity range. The values of
√
〈a21〉 are consistent
between the opposite-charge pairs and same-charge pairs, and for the three collision systems
at similar multiplicity. The values of
√
〈a21〉 and the magnitude of the short-range com-
ponent both follow a power-law dependence on the event multiplicity. The η distribution
of the short-range component, after symmetrizing the proton and lead directions in p+Pb
collisions, is found to be smaller than that in pp collisions with comparable multiplicity.
c© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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1 Introduction
Heavy-ion collisions at RHIC and the LHC create hot, dense matter whose space-time evolution can
be well described by relativistic viscous hydrodynamics [1, 2]. Owing to strong event-by-event (EbyE)
density fluctuations in the initial state, the space-time evolution of the produced matter in the final state
also fluctuates event to event. These fluctuations lead to correlations of particle multiplicity in momen-
tum space in the transverse and longitudinal directions with respect to the collision axis. Studies of the
multiplicity correlation in the transverse plane have revealed strong harmonic modulation of the particle
densities in the azimuthal angle, commonly referred to as the harmonic flow. The measurements of har-
monic flow coefficients vn [3–6] and their EbyE fluctuations [7–10] have placed important constraints on
the properties of the medium and transverse density fluctuations in the initial state.
Two-particle correlations in the transverse plane have also been studied in high-multiplicity pp [11–13]
and p+Pb [14–18] collisions, and these studies have revealed features that bear considerable similarity
to those observed in heavy-ion collisions. These findings have generated many theoretical interpreta-
tions [19], and much discussion as to whether the mechanisms that result in the observed correlations are
or are not fundamentally the same in the different collision systems.
This paper reports measurements of multiplicity correlations in the longitudinal direction in pp, p+Pb,
and Pb+Pb collisions, which are sensitive to the early-time density fluctuations in pseudorapidity (η) [1,
2]. These density fluctuations generate long-range correlations (LRC) at the early stages of the collision,
well before the onset of any collective behavior, and appear as correlations of the multiplicity densities
of produced particles separated in η. For example, the EbyE differences between the partonic flux in
the target and the projectile may lead to a long-range asymmetry of the produced system [20–22], which
manifests itself as a correlation between the multiplicity densities of final-state particles with large η
separation.
Longitudinal multiplicity correlations can also be generated during the space-time evolution in the final
state as resonance decays, jet fragmentation, and Bose-Einstein correlations. These latter correlations are
typically localized over a smaller range of η, and are commonly referred to as short-range correlations
(SRC).
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Many previous studies are based on forward-backward (FB) correlations of particle multiplicity in two
η ranges symmetric around the center-of-mass of the collision systems, including e+e− [23], pp [24–
27], and A+A [28, 29] collisions where a significant FB asymmetric component has been identified.
Recently, the study of multiplicity correlations has been generalized by decomposing the correlation
function into orthogonal Legendre polynomial functions, or more generally into principal components,
each representing a unique component of the measured FB correlation [21, 30].
The two-particle correlation function in pseudorapidity is defined as [31, 32]:
C(η1, η2) =
〈N(η1)N(η2)〉
〈N(η1)〉 〈N(η2)〉 ≡ 〈RS(η1)RS(η2)〉 , RS(η) ≡
N(η)
〈N(η)〉 , (1)
where N(η) ≡ dN/dη is the multiplicity density distribution in a single event and 〈N(η)〉 is the average
distribution for a given event-multiplicity class. The correlation function is directly related to a single-
particle quantity RS(η), which characterizes the fluctuation of multiplicity in a single event relative to the
average shape of the event class.
In principle, the correlation function should be defined in a narrow multiplicity interval, such that it con-
tains only dynamical fluctuations that decouple from any residual multiplicity dependence in the average
shape 〈N(η)〉. This residual dependence could cause modulations of the projections of the correlation
function along the η1 or η2 axes, which can be removed by a redefinition of the correlation function [32]:
CN(η1, η2) =
C(η1, η2)
Cp(η1)Cp(η2)
, (2)
where
Cp(η1) =
∫ Y
−Y C(η1, η2) dη2
2Y
, Cp(η2) =
∫ Y
−Y C(η1, η2) dη1
2Y
, (3)
are the averages of the C(η1, η2) along the η2 or η1 direction in the range [−Y ,Y], referred to as the single-
particle modes, as discussed further below. The resulting distribution is then renormalized such that the
average value of CN(η1, η2) in the η1 and η2 phasespace is one. With this procedure, the projection of the
correlation function is nearly constant:∫ Y
−Y
CN(η1, η2)dη1 =
∫ Y
−Y
CN(η1, η2) dη2 = 2Y. (4)
Any small residual nonuniformity in the projections can be removed by iteration of Eq. (2).
Following the procedure of Refs. [21, 32], the correlation function is decomposed into orthogonal poly-
nomials:
CN(η1, η2) = 1 +
∞∑
n,m=1
an,m
Tn(η1)Tm(η2) + Tn(η2)Tm(η1)
2
, Tn(η) ≡
√
2n + 1
3
Y Pn
(
η
Y
)
, (5)
where P0(x) = 1, P1(x) = x, P2(x) = (3x2 −1)/2,..., are Legendre polynomials. The scale factors in Tn(η)
are chosen such that T1(η) = η. The two-particle Legendre coefficients can be calculated directly from
the measured correlation function:
an,m =
(
3
2Y3
)2 ∫ Y
−Y
CN(η1, η2)
Tn(η1)Tm(η2) + Tn(η2)Tm(η1)
2
dη1 dη2 . (6)
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These coefficients can be related to the Legendre coefficients an for the single-particle quantity RS(η):
RS(η) ∝ 1 +
∑
n
an Tn(η) (7)
an,m = 〈anam〉 . (8)
Therefore the two-particle correlation method measures, in effect, the root-mean-square (RMS) values of
the EbyE an,
√〈
a2n
〉
, or the cross correlation between an and am, 〈anam〉.
This paper presents a measurement of the two-dimensional (2-D) correlation function CN(η1, η2) over the
pseudorapidity range of |η| < 2.4 in √sNN = 2.76 TeV Pb+Pb, √sNN = 5.02 TeV p+Pb, and √s = 13 TeV
pp collisions, using the ATLAS detector.1 The analysis is performed using events for which the total
number of reconstructed charged particles, Nrecch , with |η| < 2.5 and transverse momentum pT > 0.4 GeV,
is in the range 10 ≤ Nrecch < 300. Both the Pb+Pb and p+Pb data cover this range of Nrecch , but for pp
the range extends only to approximately 160. The measured CN(η1, η2) is separated into a short-range
component δSRC(η1, η2) and CsubN (η1, η2), which contains the long-range component. The nature of the
FB fluctuation in each collision system is studied by projections as well as Legendre coefficients 〈anam〉
of CsubN (η1, η2). The magnitudes of the FB fluctuations are compared for the three systems at similar event
multiplicity.
2 ATLAS detector and trigger
The ATLAS detector [33] provides nearly full solid-angle coverage of the collision point with tracking
detectors, calorimeters, and muon chambers, and is well suited for measurement of two-particle corre-
lations over a large pseudorapidity range. The measurements were performed using the inner detector
(ID), minimum-bias trigger scintillators (MBTS), the forward calorimeter (FCal), and the zero-degree
calorimeters (ZDC). The ID detects charged particles within |η| < 2.5 using a combination of silicon pixel
detectors, silicon microstrip detectors (SCT), and a straw-tube transition radiation tracker (TRT), all im-
mersed in a 2 T axial magnetic field [34]. An additional pixel layer, the “Insertable B Layer” (IBL) [35,
36] installed between Run 1 and Run 2 (2013–2015), is used in the 13 TeV pp measurements. The
MBTS system detects charged particles over 2.1 . |η| . 3.9 using two hodoscopes of counters positioned
at z = ± 3.6 m. The FCal consists of three sampling layers, longitudinal in shower depth, and covers
3.2 < |η| < 4.9. The ZDC, available in the Pb+Pb and p+Pb runs, are positioned at ±140 m from the
collision point, detecting neutrons and photons with |η| > 8.3.
This analysis uses approximately 7 µb−1 of Pb+Pb data, 28 nb−1 of p+Pb data, and 65 nb−1 of pp data
taken by the ATLAS experiment at the LHC. The Pb+Pb data were collected in 2010 at a nucleon-nucleon
center-of-mass energy
√
sNN = 2.76 TeV. The p+Pb data were collected in 2013, when the LHC was
configured with a 4 TeV proton beam and a 1.57 TeV per-nucleon Pb beam that together produced
collisions at
√
sNN = 5.02 TeV. The higher energy of the proton beam results in a rapidity shift of 0.47 of
the nucleon-nucleon center-of-mass frame towards the proton beam direction relative to the ATLAS rest
frame. The pp data were collected during a low-luminosity operation of the LHC in June and August of
2015 at collision energy
√
s = 13 TeV.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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The ATLAS trigger system [37] consists of a Level-1 (L1) trigger implemented using a combination of
dedicated electronics and programmable logic, and a high-level trigger (HLT) implemented in proces-
sors. The HLT reconstructs charged-particle tracks using methods similar to those applied in the oﬄine
analysis, allowing high-multiplicity track (HMT) triggers that select on the number of tracks having
pT > 0.4 GeV associated with a vertex with largest number of associated tracks (primary vertex). The
Pb+Pb data used in the analysis are collected by a minimum-bias trigger, while the pp and p+Pb data are
collected by a minimum-bias trigger and HMT triggers.
The Pb+Pb trigger requires signals in two ZDCs or either of the two MBTS counters. The ZDC trigger
thresholds on each side are set below the peak corresponding to a single neutron. A timing requirement
based on signals from each side of the MBTS is imposed to remove beam backgrounds. The minimum-
bias trigger for p+Pb is similar, except that only the ZDC on the Pb-fragmentation side is used. For pp,
the minimum-bias trigger requires only one or more signals in the MBTS.
Two distinct HMT triggers are used for the 13 TeV pp analysis. The first trigger selected events at L1
that have a signal in at least one counter on each side of the MBTS, and at the HLT have at least 900
SCT hits and 60 tracks associated with a primary vertex. The second trigger selects events with a total
transverse energy of more than 10 GeV at L1 and at least 1400 SCT hits and 90 tracks associated to
a primary vertex at HLT. For the p+Pb data, the HMT triggers were formed from a combination of L1
triggers that applied different thresholds for total transverse energy measured over 3.2 < |η| < 4.9 in the
FCal and HLT triggers that placed minimum requirements on the number of reconstructed tracks. Details
of the minimum-bias and HMT triggers can be found in Refs. [12, 38] and Refs. [18, 39] for the pp and
p+Pb collisions, respectively.
3 Data analysis
3.1 Event and track selection
The oﬄine event selection for the p+Pb and pp data requires at least one reconstructed vertex with its z
position satisfying |zvtx| < 100 mm. The mean collision rate per crossing µ is around 0.03 for p+Pb data,
between 0.002 and 0.04 for the June 2015 pp data, and between 0.05 and 0.6 for the August 2015 pp data.
Events containing multiple collisions (pileup) are suppressed by rejecting events with more than one good
reconstructed vertex, and results are found to be consistent between the June and August datasets. For the
p+Pb events, a time difference of |∆t| < 10 ns is also required between signals in the MBTS counters on
either side of the interaction point to suppress noncollision backgrounds.
The oﬄine event selection for the Pb+Pb data requires a reconstructed vertex with its z position satisfying
|zvtx| < 100 mm. The selection also requires a time difference |∆t| < 3 ns between signals in the MBTS
trigger counters on either side of the interaction point to suppress non-collision backgrounds. A coinci-
dence between the ZDC signals at forward and backward pseudorapidity is required to reject a variety of
background processes, while maintaining high efficiency for inelastic processes.
Charged-particle tracks and primary vertices are reconstructed in the ID using algorithms whose im-
plementation was optimized for better performance between LHC Runs 1 and 2. In order to compare
directly the p+Pb and Pb+Pb systems using event selections based on the multiplicity of the collisions,
a subset of data from peripheral Pb+Pb collisions, collected during the 2010 LHC heavy-ion run with
a minimum-bias trigger, was reanalyzed using the same track reconstruction algorithm as that used for
5
p+Pb collisions. For the p+Pb and Pb+Pb analyses, tracks are required to have a pT-dependent minimum
number of hits in the SCT, and the transverse (d0) and longitudinal (z0 sin θ) impact parameters of the
track relative to the vertex are required to be less than 1.5 mm. A description of the 2010 Pb+Pb data and
2013 p+Pb data can be found in Ref. [5] and Ref. [40], respectively.
For the 13 TeV pp analysis, the track selection criteria were modified slightly to profit from the presence
of the IBL in Run 2. Furthermore, the requirements of |dBL0 | < 1.5 mm and |z0 sin θ| < 1.5 mm are
applied, where dz0 is the transverse impact parameter of the track relative to the average beam position.
These selection criteria are the same as those in Refs. [12, 38].
In this analysis, the correlation functions are constructed using tracks passing the above selection require-
ments and which have pT > 0.2 GeV and |η| < 2.4. However, slightly different kinematic requirements,
pT > 0.4 GeV and |η| < 2.5, are used to count the number of reconstructed charged particles in the event,
denoted by Nrecch , to be consistent with the requirements used in the HLT. Figure 1 compares the normal-
ized Nrecch distributions of events in the three colliding systems. The distribution decreases slowly in the
Pb+Pb system, but decreases much faster in the p+Pb and pp systems. A major goal of the analysis is to
compare the correlation function from the three collisions systems at similar Nrecch values, which can reveal
whether the FB multiplicity fluctuation is controlled by the collision geometry or the overall activity of
the event.
rec
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Figure 1: The normalized distributions of the number of reconstructed tracks, Nrecch , with pT > 0.4 GeV and |η| < 2.5
in the three collision systems. The Nevts refers to the number of collisons for a given Nrecch .
The efficiency of the track reconstruction and track selection requirements, (η, pT), is evaluated using
simulated p+Pb or Pb+Pb events produced with the HIJING event generator [41] or simulated pp events
from the PYTHIA 8 [42] event generator using parameter settings according to the so-called A2 tune [43].
The MC sample for Pb+Pb events in the multiplicity region of interest was very small, therefore the
reconstruction efficiency for Pb+Pb was taken from the larger p+Pb sample. The p+Pb efficiency was
found to be consistent with the efficiency from the Pb+Pb MC simulation, but of much higher precision.
The response of the detector to these Monte Carlo (MC) events is simulated using GEANT4 [44, 45]
and the resulting events are reconstructed with the same algorithms that are applied to the data. The
efficiencies for the three datasets are similar for events with similar multiplicity. Small differences are
due to changes in the detector conditions in Run 1 and changes in the reconstruction algorithm between
Runs 1 and 2. In the simulated events, the efficiency reduces the measured charged-particle multiplicity
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relative to the event generator multiplicity for primary charged particles. 2 The reduction factors for Nrecch
and the associated efficiency uncertainties are b = 1.29 ± 0.05, 1.29 ± 0.05, and 1.18 ± 0.05 for Pb+Pb,
p+Pb, and pp collisions, respectively. The values of these reduction factors are found to be independent
of multiplicity over the Nrecch range used in this analysis, 10 ≤ Nrecch < 300. Therefore, these factors
are used to multiply Nrecch to obtain the efficiency-corrected average number of charged particles with
pT > 0.4 GeV and |η| < 2.5, Nch = bNrecch . The quantity Nch is used when presenting the multiplicity
dependence of the SRC and the LRC.
3.2 Two-particle correlations
The two-particle correlation function defined in Eq. (1) is calculated as the ratio of distributions for same-
event pairs S (η1, η2) ∝ 〈N(η1)N(η2)〉, and mixed-event pairs B(η1, η2) ∝ 〈N(η1)〉 〈N(η2)〉 [5]:
C(η1, η2) =
S (η1, η2)
B(η1, η2)
. (9)
The mixed-event pair distribution is constructed by combining tracks from one event with those from
another event with similar Nrecch (matched within two tracks) and zvtx (matched within 2.5 mm). The events
are also required to be close to each other in time to account for possible time-dependent variation of the
detector conditions. The mixed-event distribution should account properly for detector inefficiencies and
non-uniformity, but does not contain physical correlations. The normalization of C(η1, η2) is chosen
such that its average value in the (η1, η2) plane is one. The correlation function satisfies the symmetry
C(η1, η2) = C(η2, η1) and, for a symmetric collision system, C(η1, η2) = C(−η1,−η2). Therefore,
for pp and Pb+Pb collisions, all pairs are entered into one quadrant of the (η1, η2) space defined by
η− ≡ η1 − η2 > 0 and η+ ≡ η1 + η2 > 0 and then reflected to the other quadrants. For p+Pb collisions,
all pairs are entered into one half of the (η1, η2) space defined by η1−η2 > 0 and then reflected to the other
half. To correct S (η1, η2) and B(η1, η2) for the individual inefficiencies of particles in the pair, the pairs
are weighted by the inverse product of their tracking efficiencies 1/(12). Remaining detector distortions
not accounted for by the reconstruction efficiency largely cancel in the same-event to mixed-event ratio.
In a separate analysis, the correlation functions in p+Pb collisions are also symmetrized in the same way
as for Pb+Pb and pp collisions such that C(η1, η2) = C(−η1,−η2), and they are compared with correlation
functions obtained for symmetric collision systems. This symmetrized p+Pb correlation function is used
only at the end of Sec. 4, in relation to Fig. 14. In all other cases the p+Pb correlation function is
unsymmetrized.
Figure 2 shows separately the correlation functions for same-charge pairs and opposite-charge pairs from
Pb+Pb collisions with 200 ≤ Nrecch < 220. The ratio of the two, R(η1, η2) = C+−(η1, η2)/C±±(η1, η2), is
shown in the top-right panel. The correlation functions show a narrow “ridge”-like shape along η1 ≈ η2 or
η− ≈ 0, and a falloff towards the corners at η1 = −η2 ≈ ±2.4. The magnitude of the ridge for the opposite-
charge pairs is stronger than that for the same-charge pairs, which is characteristic of the influence from
SRC from jet fragmentation or resonance decays. In regions away from the SRC, i.e. large values of
|η−|, the ratio approaches unity, suggesting that the magnitude of the LRC is independent of the charge
2 For Pb+Pb and p+Pb simulation, the event generator multiplicity includes charged particles that originate directly from the
collision or result from decays of particles with cτ < 10 mm. The definition for primary charged particles is somewhat
stronger in the pp simulation [38].
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Figure 2: The correlation functions for opposite-charge pairs C+−(η1, η2) (top-left panel), same-charge pairs
C±±(η1, η2) (top-middle panel), and the ratio R(η1, η2) = C+−(η1, η2)/C±±(η1, η2) (top-right panel) for Pb+Pb col-
lisions with 200 ≤ Nrecch < 220. The width and magnitude of the short-range peak of the ratio as a function of η+
are shown in the bottom-middle panel and bottom-right panel, respectively. The error bars represent the statistical
uncertainties, and the solid lines indicate a quadratic fit. The dotted line in the bottom-right panel serves to indicate
better the deviation of f (η+) from 1.
combinations. To quantify the shape of the SRC in the ratio along η+, R is expressed in terms of η+ and
η−, R(η+, η−), and the following quantity is calculated:
f (η+) =
∫ 0.4
−0.4 R(η+, η−)/0.8 dη− − 1∫ 0.4
−0.4 R(0, η−)/0.8 dη− − 1
. (10)
As shown in Fig. 2, the quantity f (η+) is nearly constant in Pb+Pb collisions, implying that the SRC is
independent of η+. To quantify the shape of the SRC along the η− direction, R(η+, η−) is fit to a Gaussian
function in slices of η+. The width, as shown in the bottom-middle panel of Fig. 2, is constant, suggesting
that the shape of the SRC in η− is the same for different η+ slices.
Figure 3 shows the correlation function in p+Pb collisions with multiplicity similar to the Pb+Pb data in
Fig. 2. The correlation function shows a significant asymmetry between the proton-going side (positive
η+) and lead-going side (negative η+). However, much of this asymmetry appears to be confined to a
small |η−| region where the SRC dominates. The magnitude of the SRC, estimated by f (η+) shown in
the bottom-right panel, increases by about 50% from the lead-going side (negative η+) to the proton-
going side (positive η+), but the width of the SRC in η− is independent of η+ as shown in the bottom-
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Figure 3: The correlation functions for opposite-charge pairs C+−(η1, η2) (top-left panel), same-charge pairs
C±±(η1, η2) (top-middle panel), and the ratio R(η1, η2) = C+−(η1, η2)/C±±(η1, η2) (top-right panel) for p+Pb col-
lisions with 200 ≤ Nrecch < 220. The width and magnitude of the short-range peak of the ratio as a function of η+
are shown in the bottom-middle panel and bottom-right panel, respectively. The error bars represent the statistical
uncertainties, and the solid lines indicate a quadratic fit. The dotted line in the bottom-right panel serves to indicate
better the deviation of f (η+) from 1.
middle panel. In contrast, the LRC has no dependence on the charge combinations, since the value of R
approaches unity at large |η−|.
As discussed in the introduction, the shape of the single-particle multiplicity distribution and track re-
construction efficiency may vary with event centrality, and therefore the distribution of 〈N(η)〉 could also
vary with event activity. This residual single-particle mode cancels in the ratio R(η1, η2), but could distort
the correlation function C(η1, η2). Therefore, the single-particle mode is removed using Eq. (2), as dis-
cussed in the introduction. The resulting distribution CN(η1, η2) is then separated into the SRC and LRC
components using the procedure discussed in the next section.
3.3 Separation of the short-range correlation and the long-range correlation
In order to quantify the features of the correlation function, it is essential to develop a method to estimate
and separate the contributions from the SRC and the LRC. The ratio R(η1, η2) serves as a valuable tool
for this estimation, as it is insensitive to the LRC and single-particle modes.
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The ratio of the correlation function between opposite-charge and same-charge pairs can be approximated
by:
R(η1, η2) ≈ 1 + δ+−SRC(η1, η2) − δ±±SRC(η1, η2) (11)
where the two δ+−SRC and δ
±±
SRC distributions represent the SRC for the opposite-charge pairs and same-
charge pairs, respectively, and the LRC and single-particle modes cancel out in the ratio, since all relevant
deviations from unity are small. Assuming that the shape of the SRC component factorizes in η− and η+
and the shape along η+ is the same for the opposite-charge and same-charge pairs, the ratio R(η1, η2) can
be further simplified as:
R(η+, η−) ≈ 1 + f (η+) [g+−(η−) − g±±(η−)] , δ+−SRC = f (η+)g+−(η−), δ±±SRC = f (η+)g±±(η−) (12)
where f (η+) describes the shape along η+ and can be calculated via Eq. (10). The functions g+− and g±±
describe the SRC along the η− direction for the two charge combinations, which differ in both magnitude
and shape.
In order to estimate the g(η−) function for same-charged pairs, the CN(η+, η−) distributions for same-
charge pairs are projected into one-dimensional (1-D) η− distributions over a narrow slice |η+| < 0.4. The
distributions, denoted by CN(η−), are shown in the second column of Fig. 4 for the same-charge pairs
in Pb+Pb and p+Pb collisions. The SRC appears as a narrow peak on top of a distribution that has an
approximately quadratic shape. Therefore a quadratic fit is applied to the data in the region of |η−| > 1.5,
and the difference between the data and fit in the |η−| < 2 region is taken as the estimated SRC component
or the g(η−) function, which is assumed to be zero for |η−| > 2. This range (|η−| > 1.5) is about twice
the width of the short-range peak in the R(η+, η−) distribution along the η− direction (examples are given
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Figure 4: The separation of correlation functions for same-charge pairs (first column) into the SRC (third column)
and LRC (last column) for Pb+Pb (top row) and p+Pb (bottom row) collisions with 200 ≤ Nrecch < 220. The second
column shows the result of the quadratic fit over the |η−| > 1.5 range of the 1-D correlation function projected
over the |η+| < 0.4 slice, which is used to estimate the SRC component. The error bars represent the statistical
uncertainties.
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in the bottom-middle panel of Figures 2 and 3). This width is observed to decrease from 1.0 to 0.7 as a
function of Nrecch in the p+Pb collisions, and is slightly broader in Pb+Pb collisions and slightly narrower
in pp collisions at the same Nrecch . The range of the fit is varied from |η−| > 1.0 to |η−| > 2.0 to check
the sensitivity of the SRC estimation, and the variation is included in the final systematic uncertainties.
Furthermore, this study is also repeated for CN(η−) obtained in several other η+ slices within |η+| < 1.2,
and consistent results are obtained. Once the distribution g(η−) for same-charge pairs is obtained from the
fit, it is multiplied by the f (η+) function calculated from R(η1, η2) using Eq. (10), to obtain the δSRC(η1, η2)
from Eq. (12) in the full phase space. Subtracting this distribution from the CN(η1, η2) distribution one
obtains the initial estimate of the correlation function containing mostly the LRC component.
The LRC obtained via this procedure is still affected by a small bias from the SRC via the normaliza-
tion procedure of Eq. (2). This bias appears because the δSRC(η1, η2) contribution is removed from the
numerator but is still included in the denominator via Cp(η). This contribution is not uniform in η: if
the first particle is near mid-rapidity η1 ≈ 0 then all pairs in δSRC(η1, η2) contribute to Cp(η1), whereas
if the first particle is near the edge of the acceptance η1 ≈ ±Y then only half of the pairs in δSRC(η1, η2)
contribute to Cp(η1). The acceptance bias in Cp is removed via a simple iterative procedure: first, the
δSRC contribution determined from the above procedure is used to eliminate the SRC contribution to the
single-particle mode:
Csubp (η1) =
∫ Y
−Y
[
C(η1, η2) − δSRC(η1, η2)] dη2
2Y
, Csubp (η2) =
∫ Y
−Y
[
C(η1, η2) − δSRC(η1, η2)] dη1
2Y
, (13)
which is then used to redefine the CN function:
C′N(η1, η2) =
C(η1, η2)
Csubp (η1)Csubp (η2)
. (14)
The estimation of δSRC(η1, η2) is repeated using the previously described procedure for the C′N(η1, η2),
and the extracted distribution is shown in the third column of Fig. 4. Subtracting this distribution from
C′N(η1, η2) and then removing a residual small single-particle mode via the normalization procedure of
Eq. (2), one obtains the correlation function containing only the LRC component. The resulting correla-
tion function, denoted CsubN (η1, η2), is shown in the last column of Fig. 4.
The results presented in this paper are obtained using the iterative procedure discussed above. In most
cases, the results obtained from the iterative procedure are consistent with the one obtained without itera-
tion. In p+Pb and Pb+Pb collisions, where the SRC component is small, the difference between the two
methods is found to be less than 2%. In pp collisions with Nrecch > 100, the difference between the two
methods reaches 4% where the SRC is large and therefore the bias correction is more important.
In principle, the same analysis procedure can be applied to opposite-charge and all-charge pairs. However,
due to the much larger SRC, the extracted LRC for opposite-charge pairs has larger uncertainties. Instead,
the SRC for opposite-charge pairs is obtained directly by rearranging the terms in Eq. (11) as:
δ+−SRC(η1, η2) = R(η1, η2) − 1 + δ±±SRC(η1, η2) . (15)
The SRC for all-charge pairs is calculated as the average of δ±±SRC and δ
+−
SRC weighted by the number
of same-charge and opposite-charge pairs. The LRC is then obtained by subtracting the SRC from the
modified CN(η1, η2) using the same procedure as that for the same-charge pairs.
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Figure 5: The first two Legendre basis functions associated with a1,1 and a2,2 in the two-particle correlation function.
3.4 Quantifying the magnitude of the forward-backward multiplicity fluctuations
In the azimuthal correlation analysis, the azimuthal structure of the correlation function is characterized
by harmonic coefficients vn obtained via a Fourier decomposition [5, 46]. A similar approach can be
applied for pseudorapidity correlations [21, 32]. Following Eq. (5), the correlation functions are expanded
into Legendre polynomial functions, and the two-particle Legendre coefficients 〈anam〉 are calculated
directly from the correlation function according to Eq. (6). The two-particle correlation method measures,
in effect, the RMS values of the EbyE an, and the final results for the coefficients are presented in terms
of
√| 〈anam〉 |. As a consequence of the condition for a symmetric collision system, the odd and even
coefficients should be uncorrelated in pp and Pb+Pb collisions:
an,n+1 = 〈anan+1〉 = 0 . (16)
However, even in p+Pb collisions, the correlation function after SRC removal, CsubN (η1, η2), is observed
to be nearly symmetric between η and −η (right column of Fig. 4), and hence the 〈anan+1〉 values are very
small and considered to be negligible in this paper.
The shape of the first two Legendre bases in 2-D are shown in Fig. 5. The first basis function has the
shape of η1 × η2 and is directly sensitive to the FB asymmetry of the EbyE fluctuation. The second basis
function has a quadratic shape in the η1 and η2 directions and is sensitive to the EbyE fluctuation in the
width of the N(η) distribution. It is shown in Sec. 4 that the data require only the first term, in which case
the shape of the correlation function can be approximated by:
CsubN (η1, η2) ≈ 1 +
〈
a21
〉
η1η2 = 1 +
〈
a21
〉
4
(η2+ − η2−) . (17)
Therefore a quadratic shape is expected along the two diagonal directions η+ and η− of the correlation
function, and the
√〈
a21
〉
coefficient can be calculated by a simple quadratic fit of CsubN in narrow slices of
η− or η+.
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Alternatively,
√〈
a21
〉
can also be estimated from a correlator constructed from a simple ratio:
rsubN (η, ηref) =
{
CsubN (−η, ηref)/CsubN (η, ηref) , ηref > 0
CsubN (η,−ηref)/CsubN (−η,−ηref) , ηref < 0
(18)
≈ 1 − 2
〈
a21
〉
ηηref , (19)
where ηref is a narrow interval of 0.2. This correlator has the advantage that most of the single-particle
modes are even functions in η, so they cancel in the ratios. Therefore, this correlator provides a robust
consistency check of any potential bias induced by the renormalization procedure of Eq. (2). A similar
quantity can also be calculated for CN(η1, η2), denoted by rN(η, ηref).
In summary, this paper uses the following four different methods to estimate
√〈
a21
〉
:
1. Legendre decomposition of the 2-D correlation function CsubN (η+, η−), via Eq. (5).
2. Quadratic fit of CsubN (η−) in a narrow slice of η+, which gives
√〈
a21
〉
as a function of η+.
3. Quadratic fit of CsubN (η+) in a narrow slice of η−, which gives
√〈
a21
〉
as a function of η−.
4. Linear fit of rsubN (η) in a narrow slice of ηref , which gives
√〈
a21
〉
as a function of ηref .
The three fitting methods (2,3,4) use the correlation function in limited and largely nonoverlapping re-
gions of the η1 and η2 phase space, and therefore are independent of each other and largely independent
of the Legendre decomposition method. Moreover, if the correlation function is dominated by the
〈
a21
〉
term, the results from all four methods should be consistent.
3.5 Systematic uncertainties
The systematic uncertainties in this analysis arise from the event mixing, track reconstruction and se-
lection efficiency, pair acceptance, and using simulated events to test the analysis process by comparing
results from the generated charged particles with those from reconstructed tracks. These uncertainties
apply to CN(η1, η2) or CsubN (η1, η2) and the associated Legendre coefficients. However, the systematic
uncertainty for CsubN (η1, η2) also depends on the procedure for separating the SRC from the LRC.
A natural way of quantifying these systematic uncertainties is to calculate CN(η1, η2) or CsubN (η1, η2) under
a different condition, and then construct the ratio to the default analysis: D(η1, η2). The average deviation
of D(η1, η2) from unity can be compared with the correlation signal to estimate the systematic uncertain-
ties in the correlation function. The same D(η1, η2) function can also be expanded into a Legendre series
(Eq. (5)), and the resulting coefficients adn,m can be used to estimate the systematic uncertainties for the
an,m coefficients. For the three fitting methods discussed in Sec. 3.4, the fits are repeated for each check
to estimate the uncertainties in the resulting
√〈
a21
〉
values. These uncertainties are not always the same
for CN and CsubN because C
sub
N is not sensitive to the variation in the short-range region, η− ≈ 0. In the
following, the uncertainty from each source is discussed.
The main source of uncertainty for CsubN (η1, η2) arises from the procedure to separate the SRC and the
LRC. Since the estimated SRC component for the opposite-charge pairs is more than a factor of two
larger than that for the same-charge pairs (e.g. Figs. 2–3), the difference between Csub,+−N and C
sub,±±
N is
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a conservative check of the robustness of the subtraction procedure. This difference is typically small for
events with large Nrecch , and it is found to be within 0.2–2.2% of the correlation signal and 1–6% for
√〈
a21
〉
in the three collision systems. The stability of LRC is also checked by varying the fit range and varying
the η+ slice used to obtain the δSRC(η−) distribution for same-charge pairs. This uncertainty amounts to
1–2% in the correlation signal and 1–5% for
√〈
a21
〉
in Pb+Pb collisions, and is larger in p+Pb and pp
collisions due to a stronger SRC for events with the same Nrecch .
Uncertainties due to the event-mixing are evaluated by varying the criteria for matching events in Nrecch
and zvtx. The adn,m values are calculated for each case. The uncertainty from variation of the matching
range in zvtx is less than 0.5% of the correlation signal for both CN and CsubN . The bin size in N
rec
ch for
event matching is varied such that the number of events in each bin varies by a factor of three. Most of
the changes appear as modulations of the projections of the correlation function in η1 or η2 as defined
in Eq. (3), and the renormalized correlation functions CN(η1, η2) and CsubN (η1, η2) are very stable. The
difference between different variations amounts to at most 2% of the correlation signal or
√〈
a21
〉
. The
analysis is also repeated separately for events with |zvtx| < 50 mm and 50 < |zvtx| < 100 mm. Good
agreement is seen between the two. To evaluate the stability of the correlation function, the entire dataset
is divided into several groups of runs, and the correlation functions and an coefficients are calculated for
each group. The results are found to be consistent within 2% for
√〈
a21
〉
.
The 13 TeV pp results are obtained from the June 2015 and August 2015 datasets with different µ values.
The influence of the residual pileup is evaluated by comparing the results obtained separately from these
two running periods, and no systematic difference is observed between the results.
The shape of the correlation function is not very sensitive to the uncertainty in the tracking efficiency
correction, since this correction is applied in both the numerator and denominator. On the other hand,
both the correlation signal and reconstruction efficiency are observed to increase with pT, and hence
the correlation signal and associated 〈anam〉 coefficients are expected to be smaller when corrected for
reconstruction efficiency. Indeed, a 1–2% decrease in
√〈
a2n
〉
is observed after applying this correction.
This change is conservatively included in the systematic uncertainty.
The correlation function CN(η1, η2) has some small localized structures that are not compatible with sta-
tistical fluctuations. These structures are due to residual detector effects in the pair acceptance that are not
removed by the event-mixing procedure, which can be important for extraction of the higher-order coeffi-
cients. Indeed, the Legendre coefficients for n ≥ 8 show significant nonstatistical fluctuations around zero.
Therefore, the spread of
√〈
a2n
〉
for n ≥ 10 and √| 〈anan+2〉 | for n ≥ 8 are quoted as uncertainties for the
Legendre coefficients. These uncertainties are less than 0.5×10−5 for 〈anam〉 calculated from CsubN (η1, η2)
in all collision systems, and are larger for those calculated from CN(η1, η2). The corresponding relative
uncertainty for
〈
a21
〉
is negligible.
The HIJING and PYTHIA events used for evaluating the reconstruction efficiency have a significant
correlation signal and sizable an,m coefficients for CN. The correlation functions obtained using the re-
constructed tracks are compared with those obtained using the generated charged particles. The ratio of
the two is then used to vary the measured CN(η1, η2), the procedure for removal of the SRC is repeated and
the variations of CsubN and an,m are calculated. The differences in the correlation function reflect mainly
the uncertainty in the efficiency correction, but also the influence of secondary decays and fake tracks.
These differences are found to be mostly concentrated in a region around η− ≈ 0, and hence affect mostly
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Table 1: Summary of average systematic uncertainties for the correlation function CsubN (η1, η2) with pT > 0.2 GeV.
The uncertainty is calculated as the variation relative to the correlation signal of CsubN (η1, η2), averaged over the
entire η1 and η2 space. The range in the table covers the variation of this uncertainty for different Nrecch classes.
Collision system Pb+Pb p+Pb pp
Charge dependence [%] 0.2–1.6 0.2–1.9 0.7–2.2
SRC subtraction [%] 1.0–2.2 1.2–5.7 1.1–3.9
Event-mixing [%] 0.7–1.0 0.4–2.5 0.2–1.8
zvtx variation [%] 0.4–0.7 0.3–1.8 0.2–2.0
Run-by-run stability [%] 0.4–0.8 0.3–1.7 0.2–1.6
Track selection & efficiency [%] 0.7–1.4 0.2–0.3 0.3–0.6
MC consistency [%] 0.4–2.2 0.6–2.9 0.6–2.9
Total [%] 1.6–3.6 1.6–7.2 2.0–5.9
Table 2: Summary of systematic uncertainties for
√〈
a21
〉
with pT > 0.2 GeV, calculated with four different meth-
ods: Legendre expansion of CsubN (η1, η2), quadratic fit of the η− dependence of C
sub
N (η1, η2) for |η+| < 0.1, quadratic
fit of the η+ dependence of CsubN (η1, η2) for 0.9 < |η−| < 1.1, and linear fit of the η dependence of rsubN (η, ηref) for
2.2 < |ηref | < 2.4.
Quadratic fit to CsubN (η−)||η+ |<0.1 Quadratic fit to the CsubN (η+)|0.9<|η− |<1.1
Collision system Pb+Pb p+Pb pp Pb+Pb p+Pb pp
Charge dependence [%] 0.1–2.7 0.4–2.5 1.1–3.4 0.2–5.5 0.5–7.0 1.2–7.3
SRC subtraction [%] 1.2–2.6 1.1–6.7 1.4–5.3 1.0–2.9 0.8–3.1 1.8–3.5
Event-mixing [%] 0.5–2.5 0.2–2.8 0.2–4.2 0.4–1.8 0.4–3.2 0.3–3.4
zvtx variation [%] 0.4–2.2 0.2–1.5 0.2–1.4 0.3–1.7 0.2–2.4 0.2–3.7
Run-by-run stability [%] 0.3–2.1 0.2–1.8 0.2–3.0 0.2–2.4 0.2–2.1 0.2–1.5
Track selec.& efficiency[%] 0.6–4.4 0.5–1.0 1.0–1.9 0.7–4.7 0.7–1.0 0.8–1.4
MC consistency [%] 0.5–4.5 0.4–4.9 1.8–7.2 0.8–5.1 0.2–5.8 0.4–8.1
Total [%] 2.1–6.2 1.8–7.5 3.1–9.7 2.2–5.6 1.9–6.2 2.8–10.0
Linear fit to rsubN (η)|2.2<|ηref |<2.4 Global Legendre expansion of CsubN
Collision system Pb+Pb p+Pb pp Pb+Pb p+Pb pp
Charge dependence [%] 0.3–3.4 0.4–3.5 0.9–4.3 0.3–4.5 0.4–5.2 1.5–6.3
SRC subtraction [%] 1.3–2.4 1.2–2.4 1.4–2.7 1.2–4.5 2.2–8.8 2.5–5.9
Event-mixing [%] 0.4–2.2 0.4–1.2 0.3–2.6 0.2–1.7 0.2–1.6 0.2–0.4
zvtx variation [%] 0.2–1.6 0.2–2.6 0.2–2.7 0.2–1.7 0.2–2.8 0.2–2.5
Run-by-run stability [%] 0.2–1.9 0.1–2.2 0.2–3.0 0.2–0.6 0.1–1.8 0.2–2.2
Track selec.& efficiency[%] 0.6–2.2 0.3–1.0 1.0–1.5 0.5–1.4 0.5–1.0 1.1–2.1
MC consistency [%] 0.6–4.4 0.2–4.8 0.8–3.4 0.5–4.3 0.8–4.6 0.2–4.0
Total [%] 2.4–4.9 1.8–5.3 2.4–4.5 2.3–5.0 2.5–9.1 3.4–8.2
the estimation of the SRC component, and have very little impact on CsubN and associated an,m. The dif-
ferences in Legendre coefficients are found to be up to 5% for an calculated from CN, and are 0.2–3.5%
for
√〈
a21
〉
calculated from CsubN .
The systematic uncertainties from the different sources described above are added in quadrature to give
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the total systematic uncertainties for the correlation functions and
√〈
a21
〉
values for both CN and CsubN . The
systematic uncertainties associated with CsubN (η1, η2) and
√〈
a21
〉
are given in Tables 1 and 2, respectively.
Since there are four methods for extracting
√〈
a21
〉
, they are given separately in Table 2. The system-
atic uncertainty quoted for each source in both tables covers the maximum uncertainty in the specified
collision system.
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Figure 6: The distributions of correlation functions CN(η1, η2) (top row), the estimated short-range component
δSRC(η1, η2) (middle row), and long-range component CsubN (η1, η2) (bottom row). They are shown for collisions with
100 ≤ Nrecch < 120 in Pb+Pb (left column), p+Pb (middle column), and pp collisions (right column).
4 Results
The top row of Fig. 6 shows the correlation functions CN(η1, η2) in the three collision systems for events
with similar multiplicity 100 ≤ Nrecch < 120. The corresponding estimated SRC component δSRC(η1, η2)
and long-range component CsubN (η1, η2) are shown in the middle and bottom rows, respectively. The mag-
nitude of the SRC in p+Pb is observed to be larger in the proton-going direction than in the lead-going
direction, reflecting the fact that the particle multiplicity is smaller in the proton-going direction. How-
ever, this forward-backward asymmetry in p+Pb collisions is mainly associated with the SRC component,
and the CsubN (η1, η2) distribution shows very little asymmetry. The CN(η1, η2) distributions show signif-
icant differences between the three systems, which is mainly due to their differences in δSRC(η1, η2). In
fact the estimated long-range component CsubN (η1, η2) shows similar shape and similar overall magnitude
for the three systems.
To characterize the shape of the correlation functions, the Legendre coefficients 〈anam〉 for the distribu-
tions CN and CsubN shown in Fig. 6 are calculated via Eq. (6) and plotted in Fig. 7. The 〈anam〉 values
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Figure 7: The Legendre spectra
〈
a2n
〉
and 〈anan+2〉 calculated via Eq. (6) from correlation functions CN(η1, η2)
(top row) and CsubN (η1, η2) (bottom row) in Pb+Pb (left column), p+Pb (middle column), and pp (right column)
collisions for events with 100 ≤ Nrecch < 120. The shaded bands represent the total uncertainties. The results are
shown for all-charge (open squares), opposite-charge (open circles), and same-charge pairs (solid circles).
are shown for the first six diagonal terms
〈
a2n
〉
and the first five mixed terms 〈anan+2〉, and they are
also compared with coefficients calculated for opposite-charge pairs and same-charge pairs for the same
event class. The magnitudes of the 〈anam〉 coefficients calculated for CN differ significantly for the dif-
ferent charge combinations, and they also increase as the size of the collision system decreases, i.e.
| 〈anam〉 |p+p > | 〈anam〉 |p+Pb > | 〈anam〉 |Pb+Pb. This is consistent with a large contribution from SRC to all
〈anam〉 coefficients obtained from CN. After removal of the SRC, the
〈
a21
〉
coefficient is quite consistent
between different charge combinations and different collision systems. All higher-order coefficients are
much smaller, and they are very close to zero within the systematic uncertainties. Therefore, the rest of
the paper focuses on the
√〈
a21
〉
results.
To quantify further the shape of the LRC in CsubN (η1, η2), the
√〈
a21
〉
coefficients are also calculated by
fitting the 1-D distributions from the three projection methods as outlined in Sec. 3.4: 1) quadratic fit of
CsubN (η−) in a narrow range of η+, 2) quadratic fit of C
sub
N (η+) in a narrow range of η−, and 3) linear fit
of rsubN (η) in a narrow range of ηref . The results for Pb+Pb collisions with 100 ≤ Nrecch < 120 are shown
in the first row of Fig. 8 for several selected projections and associated fits. The extracted
√〈
a21
〉
values
are shown in the bottom row as a function of the range of the projections. They are compared with the√〈
a21
〉
values obtained directly via the Legendre expansion of the entire CsubN distribution, shown by the
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Figure 8: The distributions CsubN (η−) (top-left panel), C
sub
N (η+) (top-middle panel), and r
sub
N (η) (top-right panel)
obtained from CsubN (η1, η2) in three ranges of η+, η− and ηref , respectively, from Pb+Pb collisions with 100 ≤ Nrecch <
120. The solid lines indicate fits to either a quadratic function (top-left two panels) or a linear function (top-right
panel). The
√〈
a21
〉
values from the fits are shown in the corresponding lower panels as a function of the η+, η−, and
ηref , respectively. The error bars and shaded bands represent the statistical and systematic uncertainties, respectively.
The solid horizontal line and hashed band indicate the value and uncertainty of
√〈
a21
〉
obtained from a Legendre
expansion of the CsubN (η1, η2).
horizontal solid line. The
√〈
a21
〉
values from all four methods are very similar. Figures 9 and 10 show
the same observables in p+Pb collisions and pp collisions, respectively. Results are quite similar to those
in Pb+Pb collisions, albeit with larger systematic uncertainties arising from the subtraction of a larger
short-range component. For p+Pb (Fig. 9), the small FB asymmetry in the CsubN distribution along the
η+ direction is responsible for the difference in
√〈
a21
〉
between η+ and −η+ in the bottom-left panel and
between ηref and −ηref in the bottom-right panel, but they still agree within their respective systematic
uncertainties.
Figure 11 shows a comparison of the
√〈
a21
〉
values extracted by the four methods as a function of Nch in
the three collision systems. Good agreement between the different methods is observed.
On the other hand, the SRC is expected to have strong dependence on the charge combinations and
collision systems, as shown by Figs. 6 and 7. The magnitude of the SRC is quantified by δSRC(η1, η2)
averaged over the two-particle pseudorapidity phase space:
∆SRC =
∫ Y
−Y δSRC(η1, η2) dη1 dη2
4Y2
. (20)
The corresponding contribution of the SRC at the single-particle level is
√
∆SRC, which can be directly
compared with the strength of the LRC characterized by
√〈
a21
〉
. Figure 12 shows the values of
√
∆SRC
as a function of Nch for different charge combinations in the three collision systems. The strength of the
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Figure 9: The distributions CsubN (η−) (top-left panel), C
sub
N (η+) (top-middle panel), and r
sub
N (η) (top-right panel)
obtained from CsubN (η1, η2) in three ranges of η+, η−, and ηref , respectively, from p+Pb collisions with 100 ≤ Nrecch <
120. The solid lines indicate fits to either a quadratic function (top-left two panels) or a linear function (top-right
panel). The
√〈
a21
〉
values from the fits are shown in the corresponding lower panels as a function of the η+, η−, and
ηref , respectively. The error bars and shaded bands represent the statistical and systematic uncertainties, respectively.
The solid horizontal line and hashed band indicate the value and uncertainty of
√〈
a21
〉
obtained from a Legendre
expansion of the CsubN (η1, η2).
SRC always decreases with Nch, and it is larger for smaller collision systems and opposite-charge pairs.
Figure 13 compares the strength of the SRC in terms of
√
∆SRC and the LRC in terms of
√〈
a21
〉
for the
three collision systems. The values of
√
∆SRC are observed to differ significantly while the values of√〈
a21
〉
agree within ±10% between the three collision systems.
The strength of the SRC and LRC can be related to the number of clusters n contributing to the final
multiplicity Nch, where n is the sum of clusters from the projectile and target nucleon or nucleus, n =
nF + nB. The LRC is expected to be related to the asymmetry between nF and nB:
An =
nF − nB
nF + nB
,
〈
a21
〉
∝
〈
A2n
〉
. (21)
The clusters could include the participating nucleons, subnucleonic degrees of freedom such as the frag-
mentation of scattered partons, or resonance decays. In an independent cluster model [31], each cluster
emits the same number of pairs and the number of clusters follows Poisson fluctuations. In this picture,
both the SRC in terms of ∆SRC and LRC in terms of
〈
a21
〉
should scale approximately as the inverse of
the number of clusters, and hence, assuming n and Nch are proportional, the
√
∆SRC and
√〈
a21
〉
values in
Fig. 13 are expected to follow a simple power-law function in Nch:√
∆SRC ∼
√〈
a21
〉
∼ 1
nα
∼ 1
Nαch
, α ≈ 0.5 . (22)
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Figure 10: The distributions CsubN (η−) (top-left panel), C
sub
N (η+) (top-middle panel), and r
sub
N (η) (top-right panel)
obtained from CsubN (η1, η2) in three ranges of η+, η− and ηref , respectively, from pp collisions with 100 ≤ Nrecch < 120.
The solid lines indicate fits to either a quadratic function (top-left two panels) or a linear function (top-right panel).
The
√〈
a21
〉
values from the fits are shown in the corresponding lower panels as a function of the η+, η−, and ηref ,
respectively. The error bars and shaded bands represent the statistical and systematic uncertainties, respectively.
The solid horizontal line and hashed band indicate the value and uncertainty of
√〈
a21
〉
obtained from a Legendre
expansion of the CsubN (η1, η2).
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Figure 11: The
√〈
a21
〉
as a function of Nch from four different methods, fit CsubN (η−) (solid circles), fit C
sub
N (η+) (open
circles), fit rsubN (η) (open squares), and Legendre expansion of C
sub
N (η1, η2) (open diamonds), in Pb+Pb (left panel),
p+Pb (middle panel), and pp (right panel) collisions. The error bars and shaded bands represent the statistical and
systematic uncertainties, respectively.
A power index that is less than one half, α < 0.5, would suggest that n grows more slowly than Nrecch , and
vice versa.
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Figure 12: The estimated magnitude of the short-range component
√
∆SRC as a function of Nch for all-charge (solid
circles), opposite-charge (open circles), and same-charge (open squares) pairs in Pb+Pb (left panel), p+Pb (middle
panel), and pp (right panel) collisions. The shaded bands represent the systematic uncertainties, and the statistical
uncertainties are smaller than the symbols.
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Figure 13: The estimated magnitude of the short-range component
√
∆SRC (left panel) and
√〈
a21
〉
(right panel)
values as a function of Nch for all-charge pairs in Pb+Pb (solid circles), p+Pb (open circles), and pp (open squares)
collisions. The shaded bands represent the systematic uncertainties, and the statistical uncertainties are smaller than
the symbols.
To test this idea, the
√
∆SRC and
√〈
a21
〉
data in Fig. 13 are fit to a power-law function: c/Nαch. The function
describes the Nch dependence in all three collision systems, with a reduced χ2 values ranging between
0.2 and 0.9. The extracted power index values are summarized in Table 3. The values of α for the SRC
are found to be smaller for smaller collision systems, they are close to 0.5 in the Pb+Pb collisions and
are significantly smaller than 0.5 in the pp collisions. In contrast, the values of α for
√〈
a21
〉
agree within
uncertainties between the three systems and are slightly below 0.5.
One striking feature of the correlation function in p+Pb collisions, for example in Fig. 6, is a large FB
asymmetry of the SRC, δSRC(η1, η2) along the η+ direction. Even in pp collisions, the δSRC distribution
is not uniform, but instead shows a quadratic increase towards large |η+| values. According to the discus-
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Table 3: The power index and associated total uncertainty from a power-law fit of the Nch dependence of
√
∆SRC
and
√〈
a21
〉
.
Pb+Pb p+Pb pp
α for
√
∆SRC 0.505 ± 0.011 0.450 ± 0.010 0.365 ± 0.014
α for
√〈
a21
〉
0.454 ± 0.011 0.433 ± 0.014 0.465 ± 0.018
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Figure 14: The shape of the SRC in η+ represented by f (η+) calculated via Eq. (10) for p+Pb, symmetrized-p+Pb,
pp, and Pb+Pb collisions with 100 ≤ Nrecch < 120. The solid lines represent a fit to a quadratic function.
sion in Sec. 3.2, the shape of the δSRC distribution in η+ is described by the f (η+) defined in Eq. (10).
Examples of the f (η+) are shown in Fig. 14 for p+Pb, symmetrized-p+Pb, pp, and Pb+Pb collisions with
100 ≤ Nrecch < 120. As described in Sec. 3.2, symmetrized-p+Pb results are obtained by averaging the
proton-going and lead-going directions such that C(η1, η2) = C(−η1,−η2).
The independent cluster picture discussed above offers a simple interpretation of the shape of f (η+).
Assuming the population of clusters is a function of η, nc(η), and on average each cluster produces
m charged particles according to a Poisson distribution, then the number of the SRC pairs scales as
nc 〈m(m − 1)〉 = nc 〈m〉2 and the number of the combinatorial pairs scales as
(
nc 〈m〉
)2
. Therefore the
strength of the SRC at given η is expected to scale as:
δSRC(η, η) ∝ nc 〈m(m − 1)〉(
nc 〈m〉
)2 = 1nc ∝ 1dNch/ dη (23)
where nc(η) is assumed to be proportional to the local charge-particle multiplicity density dNch/ dη.
Hence the fact that f (η+) is larger in the proton-going direction than in the Pb-going direction in p+Pb
colllisions simply reflects the asymmetric shape of the dNch/ dη distribution in each event [47]. The
quadratic shape of f (η+) for pp and symmetrized-p+Pb system therefore reflects a large, intrinsic FB
asymmetry of dNch/dη on an event-by-event level. The FB asymmetry in pp collisions is slightly larger
than p+Pb collisions at comparable Nch, but is significantly less in Pb+Pb collisions. This observation
suggests that the FB asymmetry for particle production in pp collisions could be as large as that in p+Pb
collisions at comparable event activity, whereas the FB asymmetry for particle production is smaller in
Pb+Pb collisions.
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5 Summary
Two-particle pseudorapidity correlations are measured with the ATLAS detector in
√
sNN = 2.76 TeV
Pb+Pb,
√
sNN = 5.02 TeV p+Pb, and
√
s = 13 TeV pp collisions at the LHC, with total integrated lumi-
nosities of approximately 7 µb−1, 28 nb−1, and 65 nb−1, respectively. The correlation function CN(η1, η2)
is measured using charged particles in the pseudorapidity range |η| < 2.4 with transverse momentum
pT > 0.2 GeV, and it is measured as a function of event multiplicity Nch defined by the total number
of charged particles with |η| < 2.5 and pT > 0.4 GeV. The correlation function shows an enhancement
along the η1 ≈ η2 direction and suppression at η1 ≈ −η2 ∼ ±2.4, consistent with the expectation from an
event-by-event forward-backward asymmetry in the multiplicity fluctuation (the long-range correlations
or LRC). However, the correlation function also has a large narrow “ridge” along the η1 ≈ η2 direction
associated with short-range correlations (SRC). The magnitudes of the SRC in p+Pb is found to be larger
in the proton-going direction than the lead-going direction, reflecting the fact that the particle multiplicity
is smaller in the proton-going direction. This is consistent with the observation that the SRC strength
increases for smaller Nch. The SRC is observed to be much stronger for opposite-charge pairs than for
the same-charge pairs, while the LRC is found to be similar for the two charge combinations. Based on
this, a data-driven subtraction method was developed to separate the SRC and the LRC. The magnitudes
of the SRC and the LRC are then compared for the three collision systems at similar values of Nch.
After subtracting out the SRC δSRC(η1, η2), the correlation function CsubN (η1, η2) is decomposed into a
sum of products of Legendre polynomials that describe the different shape components, and the coef-
ficients 〈anam〉 are calculated. Significant values are observed for
〈
a21
〉
in all Nch ranges and higher-
order coefficients are consistent with zero, and suggesting that CsubN has an approximate functional form
CsubN ≈ 1+
〈
a21
〉
η1η2. The quantity
〈
a21
〉
is also estimated by parameterizion of the shape of the correlation
function in narrow ranges of η− = η1 − η2 and η+ = η1 + η2, or from a ratio CsubN (η1, η2)/CsubN (−η1, η2),
and consistent results are obtained. The magnitude of the SRC and
√〈
a21
〉
are compared for the three
collision systems as a function of Nch. Large differences are observed for the SRC, but the values of√〈
a21
〉
agree within ±10% at the same Nch. The Nch dependences of both the SRC and
√〈
a21
〉
follow
an approximate power-law shape. The power index for
√〈
a21
〉
is approximately the same for the three
collision systems. In contrast, the power-law index for the SRC is smaller for smaller collision systems.
The SRC distribution shows strong dependence on η+ in p+Pb and pp, but much weaker dependence in
Pb+Pb collisions. The δSRC(η+) distribution, after symmetrizing the proton and lead directions, is found
to be similar to the SRC in pp collisions with comparable Nch, suggesting that the event-by-event FB
asymmetry for particle production is similar in pp and p+Pb collisions with comparable event activity.
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